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We study the pseudo-spin of electron pair in superconducting transition-metal dichalcogenide
monolayers and show that the pseudo-spin affects the electric transport property of lateral hetero-
junction of the superconducting and metallic monolayers. The pseudo-spins of two electrons forming
a Cooper pair are parallel to each other unlike the real spin being anti-parallel. In the lateral hetero-
junction, the electronic transport with forming a Cooper pair, the Andreev reflection, is suppressed
with the Fermi level crossing the valence band near the edge in the metallic monolayer. We numeri-
cally investigate the electric transport property of the lateral heterojunctions of semiconducting and
superconducting transition-metal dichalcogenides, MoSe2 and NbSe2 monolayers with the charge
doping, respectively. We find the sign change of conductance difference between the normal and
superconducting phases by varying the charge density and show that the sign change is resulted
from the pseudo-spin triplet superconductivity.
I. INTRODUCTION
Transition-metal dichalcogenides (TMDCs) are atomic
layered materials composed of transition-metal and
chalcogenide atoms. The monolayer crystal can be fab-
ricated experimentally by using chemical vapor decom-
position (CVD) or cleaving from a single crystal1–5.
The TMDC monolayers show several phases of con-
densed matter; the superconductivity,6–8, the charge-
density wave,7,9 and the topological insulator10. NbSe2
is also a transition-metal dichalcogenides (TMDC) well
known as a conventional superconductor.11 The super-
conductivity has been observed even in the monolayer
crystal.8 In the superconducting monolayer, two elec-
trons forming the Cooper pair have opposite spins like
conventional superconductors but the spin axis is locked
in the out-of-plane direction due to the spin-orbit cou-
pling unlike those.7 This spin character of pair provides
unique property to the superconductivity, e.g., the large
and anisotropic upper critical field exceeding the Pauli
limit.7,8 Moreover, the other spin-related phenomena in
the superconducting NbSe2 monolayer have been studied
in several works.12–16
TMDC monolayers have the other internal degree of
freedom so-called pseudo-spin which is defined for rep-
resenting electron states and used to describe the Berry
curvature related phenomena, e.g., the valley, spin, and
anomalous Hall effects.17–20 The pseudo-spin represents
two Wannier orbitals as two spin elements. In two Fermi
pockets around the K and K′ points, the electronic states
are approximated to be those of Dirac fermion in the
pseudo-spin space. Then the pseudo-spin varies with the
magnitude and direction of the wave vector in the two
pockets.17,21 Thus the Cooper pair formed of these elec-
trons has the pseudo-spin in the superconducting state.
In this paper, we discuss the pseudo-spin of electrons
forming Cooper pairs in the superconductor of TMDC
monolayer and the effect to the electronic transport prop-
erty in the lateral heterojunction of the superconducting
and metallic TMDC monolayers in Fig. 1 (a). In Sec. II,
we consider an effective model describing electronic states
around the K and K′ valleys and analyze the pseudo-spin
of electrons forming Cooper pairs in the superconducting
phase. Moreover, we calculate the transmission and re-
flection coefficients in the lateral heterostructure and dis-
cuss the effect of pseudo-spin to these coefficients. In Sec.
III, we calculate the electric conductance, which is associ-
ated with the coefficients, in the lateral heterojunction of
MoSe2 and NbSe2 monolayers by using a first-principles
band calculation and lattice Green’s function method.
The discussion and the conclusion are given in Sec. IV
and V, respectively.
II. EFFECTIVE MODEL
We investigate the pseudo-spin texture of the super-
conducting state in TMDC monolayers.6–8 The Cooper
pair is a spin singlet and formed of two electrons which
are the time-reversal partners. In NbSe2, the Fermi level
is crossing the hole band, and it arranges three Fermi
pockets enclosing the Γ, K and K′ points in the Brillouin
zone as shown in Fig. 1 (b), so-called the valley degree of
freedom.22 In what follows, we consider the pair of elec-
trons in the K and K′ valleys because the electronic states
have non-trivial pseudo-spin texture in these valleys.
A. Electronic states in a TMDC monolayer
To analyze electronic states at the two valleys, we con-
sider an effective model describing Dirac fermions. The
effective model is represented by a 2× 2 Hamiltonian,
Heff =
(
m+ εF v(τkx − iky)
v(τkx + iky) −m− sτb0 + εF
)
, (1)
defined on the basis of two d-orbitals, (|d3z2−r2〉, |dxy〉+
iτ |dx2−y2〉), in transition-metal atoms.17 Here the in-
plane wave number (kx, ky) is defined with respect to the
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FIG. 1. The schematics of (a) lateral heterojunction and (b)
Fermi pockets in each TMDC monolayer. The y-axis is taken
to be parallel to the interface in (a). The red box indicates
the extended unite cell for the numerical calculation in Sec.
III. In (b), the circles represent the Fermi pocket in Brillouin
zone, the hexagonal flame, and the arrows express the spin
direction of electrons in each Fermi pocket.
valley center, and τ is the valley index which is 1 in the
K valley and -1 in the K′ valley. The spin-orbit coupling
(SOC) is represented by the Zeeman-like term, sτb0, with
the coupling constant b0 and the spin index s = ±1 in
the z direction. The other parameters m, εF > 0, and
v are the gap energy, the Fermi energy, and the velocity,
respectively. The Hamiltonian can be represented by a
superposition of the 2 × 2 identity matrix and the Pauli
matrix σµ for µ = x, y, and z which can be considered as
a pseudo-spin operator. When the Hamiltonian is given
by d ·σ without the identity matrix component, we rep-
resent the axis of pseudo-spin by d/|d|.
The electronic states consists of a plane wave compo-
nent and a vector component expressing the pseudo-spin
direction. We consider the electronic states at the Fermi
level because the Cooper pair is consisting of two elec-
trons near the level. The pseudo-spin component is rep-
resented by
|ψ(εF , θk)〉 = 1√
1 + r2
(−τre−iτθk
1
)
, (2)
with r = vkF /(εF + m), where θk is defined by θk =
atan(ky/kx) and kF is the Fermi wave number obtained
from
det[Heff ] = (εF +m)(εF −m− sτb0)− v2k2F = 0. (3)
When the electron forms a Cooper pair, the other elec-
tron is the time-reversal partner, i.e., it occupies the elec-
tronic state transformed by time-reversal operation. The
partner has the same pseudo-spin component because Eq.
(1) is unchanged under time-reversal operation T with
T H(s, τ,k)T † = H∗(−s,−τ,−k). Then the two elec-
trons of Cooper pair have the same pseudo-spin, i.e., the
electrons form a pseudo-spin triplet pair, although they
have the opposite real spin.
The Cooper pair is always formed of equal pseudo-spin
electrons but the polarizing direction changes with the
Fermi energy. We consider two limits of Fermi energy;
m/vkF → ∞ and m/vkF → 0, i.e., r → 0 and r → 1,
respectively. The former limit implies that the Fermi
level is close to the valence band edge. In this case, the
pseudo-spin is nearly independent of the wave number
and has a unique polarizing axis indicated by the pseudo
spin component,
|ψ(εF , θk)〉 ≃
(
0
1
)
. (4)
In the latter case, the pseudo-spin varies with the wave
number and has a helical texture as expressed by the
vector component,
|ψ(εF , θk)〉 ≃ 1√
2
(−τe−iτθk
1
)
. (5)
The former texture and the latter texture are schemat-
ically shown as S
(1)
F and S
(2)
F , respectively, in Fig. 2. In
the figure, the arrows indicate the spin and pseudo-spin
directions in the upper and lower panels, respectively.
The direction of pseudo-spin d is projected in the wave
number space where d ·σ gives the eigenvalue of pseudo
spin for each electronic state.
B. Lateral heterojunction of superconducting and
metallic TMDC monolayers
To discuss the effect of pseudo-spin texture, we con-
sider the scattering problem in a lateral heterojunction
of the superconducting and metallic TMDC monolayers.
The lateral heterojunction is composed of two TMDC
monolayers atomically bonded as a monolayer.23–29
When the y-axis is taken to be the axis parallel to the
interface of heterojunction, ky is preserved throughout
the scattering process. Thus the conducting state can
be represented by an eigen-function of ky, and it is a
zero-energy state with respect to the Fermi level. In this
section, we consider the heterojunction with zig-zag in-
terface as shown in Fig. 1 (a), and thus we can analyze
the K and K′ valleys separately.
We calculate the wave function in the junction by con-
necting the wave functions in the two monolayers, and
thus we consider the pristine monolayers firstly. We as-
sume that the Fermi level is crossing the lower band of
Eq. (1) in both of the monolayers and that it is far away
3Spin-split band
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FIG. 2. The schematics of spin-split band and its pseudo-
spin texture in the Fermi surface S
(j)
F . Here, S
(1)
F and S
(2)
F are
the Fermi surface for the Fermi level near and far from the
band edge, respectively. The pseudo-spin in S
(1)
F is polarized
in the z direction and that in S
(2)
F forms a hedgehog in the
xy plane. The dashed lines explain the formulation of triplet
Cooper pair.
from the band edge in the superconducting monolayer.
Since then m ≪ vk is fulfilled around the Fermi level
in the superconducting monolayer, the effective Hamilto-
nian can be approximated by that of Weyl fermion,
HWeyl(k) =
(
εF v(τkx − iky)
v(τkx + iky) εF
)
, (6)
where we focus on one of spin state and put the Zeeman-
like SOC in εF . At each ky, two electronic states are
present if kx = ±px is real with
px =
1
v
√
εF − v2k2y, (7)
and they can be represented by
|ϕ±e (εF , ky)〉 =
1√
2
(±τe±iτθp
1
)
, (8)
with θp = atan(ky/px), where the superscript indicates
the sign of velocity in the x-direction and it is opposite
to that of kx. The positive velocity indicates the right
going state in the right side of junction in Fig. 1 (a).
In the Bogoliubov-de Gennes (BdG) formalism, the
quasi-particle state in superconductors is represented by
the superposition of the electronic state and the hole
state of time-reversal partner. The hole state is in the
opposite valley and described by −T HWeylT †, where the
Zeeman-like SOC is unchanged due to sτ → sτ under
time-reversal operation T . The pseudo-spin component
is the same as the electron state in Eq. (8), but the di-
rection of velocity is inverted,
|ϕ±h (εF , ky)〉 = |ϕ∓e (εF , ky)〉, (9)
where the superscript also indicates the direction of ve-
locity. The quasi-particle states in the superconducting
region are the superposition of these states and described
by the BdG Hamiltonian,
HBdG =
(
εF − vk ∆
∆ −(εF − vk)
)
, (10)
where the upper and lower components in the basis
are the zero-energy electron state and the hole state
of the time-reversal partner, respectively. Here ∆ =
g〈c↑,kc↓,−k〉 is the order parameter of superconducting
state where g is the attractive coupling constant and
〈c↑,kc↓,−k〉 indicates the Cooper pair amplitude with an-
nihilation operator cs,k of electron in the zero energy
state.
The zero-energy quasi-particle state is in the supercon-
ducting gap and thus its wave function is an evanescent
wave which has a spatial dependence of exp[iκx] with
Im[κ] > 0. The damping ratio κ can be obtained from
det(HBdG) =
(
εF − v
√
κ2 + k2y
)2
+∆2 = 0,
κ = ±1
v
√
ε2F − v2k2y −∆2 ∓ 2iεF∆. (11)
As discussed later, ky of conducting channel is much
smaller than px in this problem. Thus the damping ratio
can be approximated by
κ ≃ ±px + i∆
v
, (12)
where we choose the decay waves in the positive x-
direction. We also approximate the pseudo-spin com-
ponent of the electron and hole states by those for ∆ = 0
in Eq. (8) due to ∆/v ≪ px. The vector component of
the decay wave function is given by
|φ±(εF , ky)〉 = |ϕ±e (εF , ky)〉 ∓ i|ϕ±h (εF , ky)〉), (13)
where the first and second terms are corresponding to the
upper and lower elements in Eq. (10), respectively. There
are other evanescent waves consisting of only electron or
hole wave function |φ(0)j 〉 which are originated from the
sates in the conduction band by solving Eq. (10) with
4vk → −vk. These evanescent waves are not responsi-
ble for the Andreev reflection process and orthogonal to
other evanescent waves. Thus they can be eliminated
in the calculation of scattering coefficients as discussed
later.
In the metallic monolayer, the Fermi energy is assumed
to be crossing the lower band near the band edge. Thus
we use the original form of Hamiltonian Heff in Eq. (1)
and obtain kx = ±qx by solving det[Heff ] = 0,
qx =
1
v
√
(εF +m)(εF −m− sτb0)− v2k2y . (14)
The pseudo-spin component of electron state is repre-
sented by
|ψ±e (εF , ky)〉 =
1√
1 + r2
(±τre±iτθq
1
)
, (15)
with θq = ky/qx, where the sign ± indicates the direction
of velocity in the x direction. Then the pseudo-spin of
hole state is given by |ψ±h (εF , ky)〉 = |ψ∓e (εF , ky)〉.
The electronic transmission process can be described
by the stationary state of scattering wave in the junc-
tion. In the metal side, there are one incident electron
wave and two reflected waves in which one is the electron
wave and the other is the hole wave. The amplitudes of
reflected electron and hole are the normal and Andreev
reflection coefficients, ree and rhe, respectively. Then
these wave functions satisfy the boundary condition,
|ψ+e (εF , ky)〉+ ree|ψ−e (εF , ky)〉+ rhe|ψ−h (εF , ky)〉
=c+|φ+(ε˜F , ky)〉+ c−|φ−(ε˜F , ky)〉+
∑
j
c′j |φ(0)j (ε˜F , ky)〉,
(16)
with the decaying waves with the coefficient c± in the
right side, where εF and ε˜F indicate the Fermi level in
the semiconducting and superconducting regions, respec-
tively. Here ky is restricted in the region where conduct-
ing channels are present in the metallic region. Thus
px is much larger than ky because the Fermi pocket
in the metallic monolayer is much smaller than that
in the normal phase of the superconductor, εF ≪ ε˜F .
When the boundary condition is satisfied, the conserva-
tion of probability current density is fulfilled naturally
because the equation for the condition is obtained by op-
erating the velocity operator vσx on both sides of Eq
(16). Thus we use the continuous condition of momen-
tum pˆx = i~(∂/∂x) for calculating the coefficients,
− qx|ψ+e (εF , ky)〉+ qxree|ψ−e (εF , ky)〉 − qxrhe|ψ−h (εF , ky)〉
=(−px + i∆
v
)c+|φ+(ε˜F , ky)〉+ (px + i∆
v
)c−|φ−(ε˜F , ky)〉
+
∑
j
c′j
(
i
∂
∂x
)
|φ(0)j (ε˜F , ky)〉. (17)
We eliminate |φ(0)j 〉 from the equations by taking the in-
ner product with |φ±〉 due to the orthogonality and ob-
tain four linear equations involving four coefficients; ree,
rhe, c+, and c−. These four equations enable us to ac-
quire the analytic representation of Andreev reflection
coefficient,
rhe = i
(
1−
∣∣∣∣ 〈ϕ+e |ψ−e 〉〈ϕ+e |ψ+e 〉
∣∣∣∣
2
)
/
(
1 +
∣∣∣∣〈ϕ+e |ψ−e 〉〈ϕ+e |ψ+e 〉
∣∣∣∣
2
)
, (18)
with
〈ϕ+e |ψ−e 〉
〈ϕ+e |ψ+e 〉
=
1− re−iτ(θp+θq)
1 + re−iτ(θp−θq)
, (19)
where we use a relation of inner product 〈φ±|ψ+e 〉 =
〈φ∓|ψ−e 〉∗ = ±i〈φ±|ψ−h 〉 and the condition about wave
number ∆/v, qx ≪ px.
This analytic result shows that the Andreev reflection
is suppressed if the Fermi level εF gets close to the va-
lence band top, i.e., kF → 0, in the metallic region. In
this case, the Fermi surface and the pseudo-spin texture
is represented by S
(1)
F in Fig. 2. The pseudo-spin is po-
larized in the z direction and orthogonal to that in the
superconducting region where the pseudo-spin is parallel
to the xy plane. Thus, 〈ϕ+e |ψ±e 〉 is nearly the same am-
plitude for the incident and reflected waves in Eq. (19).
The asymptotic form in the limit is given by
rhe ∼ vkF cos θq
m
. (20)
Therefore, the Andreev reflection probability |rhe|2 in-
creases as a function of k2F .
We also calculate the transmission probability in the
junction with the normal phase. In this case, the re-
flected hole wave is absent and an electron wave with a
positive velocity in the x axis appears as a transmitted
wave with the amplitude t˜ee in the scattering problem.
The stationary state satisfies the boundary condition,
|ψ+e (εF , ky)〉+ r˜ee|ψ−e (εF , ky)〉
=t˜ee|ϕ+e (ε˜F , ky)〉, (21)
and the continuous condition of momentum,
− qx|ψ+e (εF , ky)〉+ qxr˜ee|ψ−e (εF , ky)〉
=− pxt˜ee|ϕ+e (ε˜F , ky)〉, (22)
where |ϕ+e (ε˜F , ky)〉 is the transmitted wave traveling to
the positive x-axis. Here, the reflection coefficient r˜ee
is different from ree in the metal-superconductor hetero-
junction. Two linear equations are obtained by taking
an inner product with the transmitted wave function and
they enable us to calculate t˜ee. However, t˜ee is the trans-
mission coefficient for a single channel at ky. Then, we
correct the coefficient to obtain the transmission proba-
bility per energy by multiplying the ratio of the channel
density in the superconductor to that in the metal. The
ratio can be calculated by that of velocity as v/(v2qx/m),
5where these velocities can be obtained from Eq. (6) and
(1). The transmission coefficient is given by
tee =
√
m
vqx
2qx
px + qx
〈ϕ+e |ψ+e 〉, (23)
with
〈ϕ+e |ψ+e 〉 =
1 + re−iτ(θp−θq)√
1 + r2
. (24)
This procedure is not necessary for rhe because the chan-
nel density is unchanged between the incident and re-
flected waves. This analytic result indicates that the
transmission probability increases with the matching of
pseudo-spin between the incident and transmitted waves.
The asymptotic form in the limit of kF → 0 is given by
tee ∼ 1
px
√
mkF cos θq
v
, (25)
with qx = kF cos θq and 0 < qx.
We briefly summarize the analytic results. The An-
dreev reflection coefficient is proportional to the Fermi
wave number kF in Eq. (20). This dependence is at-
tributed to the pseudo-spin texture of electrons form-
ing Cooper pairs. Since the pseudo-spin in the metallic
TMDC reaches the fully polarization in the z-axis under
kF → 0, the pseudo-spin projection provides a unity as
a factor in Eq. (19). Thus the Andreev reflection prob-
ability is zero at kF = 0 and increases as a linear func-
tion of kF due to the change of pseudo-spin projection.
In what follows, we numerically calculate the differential
conductance in the lateral heterojunction of supercon-
ducting and semiconducting TMDC monolayers; NbSe2
and MoSe2, respectively. The differential conductance is
associated with the Andreev reflection. We discuss the
effect of pseudo-spin dependence to the differential con-
ductance and compare it with the numerical result of
conductance in the normal phase in the next section.
III. NUMERICAL CALCULATION
A. First-principles band structures
We investigate the electronic structure of MoSe2 and
NbSe2 in 2H-type crystal structure by using a first-
principles calculation based on density functional theory
(DFT). The band dispersion of MoSe2 and NbSe2 mono-
layers is calculated by using quantum-ESPRESSO,30 a
first-principles calculation code, and shown in Fig. 3.
Here, we adopt the lattice constants computed by using
the lattice relaxation code in quantum-ESPRESSO. The
lattice parameters are aNb−Nb = 3.476A˚ and dSe−Se =
3.514A˚ in NbSe2, and aMo−Mo = 3.319A˚ and dSe−Se =
3.343A˚ in MoSe2, where aM−M (dX−X) is the horizontal
(vertical) distance between nearest neighbor transition-
metal (chalcogen) atoms.22 We apply a projector aug-
mented wave (PAW) method to the band calculation with
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FIG. 3. The band structure of (a)NbSe2 and (b)MoSe2.
The horizontal line indicates the Fermi energy of the pristine
TMDC, and the dashed line is the band structure calculated
by using a tight-binding model.
a generalized gradient approximation (GGA) functional
including spin-orbit coupling (SOC), and adopt the cut-
off energy of plane wave basis 50 Ry, and the conver-
gence criterion 10−8 Ry. The electronic bands are clas-
sified into two groups due to the eigenvalue of mirror
operation because 2H-TMDC monolayers preserve mir-
ror reflection symmetry in the out-of-plane axis. In each
band, electronic states are eigenstates of the mirror op-
erator and characterized by the eigenvalue ξz . Since the
bands around the Fermi energy have ξz = 1, we consider
the electronic states with ξz = 1 in what follows.
We consider a tight-binding model to describe the lo-
cal dynamics of electrons in the MoSe2 (NbSe2) mono-
layer where the Wannier orbitals are p-orbitals in Se and
d-orbitals in Mo (Nb). There are six Wannier orbitals
with ξz = 1 in the primitive unit cell; |d3z2−r2〉, |dxy〉,
and |dx2−y2〉 in Mo or Nb, and |p+x 〉, |p+y 〉, and |p−z 〉
in Se. Here |p±µ 〉 = (|ptµ, 〉 ± |pbµ〉)/
√
2 is the superpo-
sition of p-orbitals in the top Se and the bottom Se, |ptµ〉
and |pbµ〉, respectively. The hopping integrals between
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FIG. 4. The differential conductance in the MoSe2-NbSe2 lateral heterojunction with the armchair interface in (b) and (c),
and the zig-zag interface in (e) and (f). The schematics of interface structure in (a) and (b). The arrow indicates the current
direction.
these orbitals and on-site potential are computed from
the first-principles bands in Fig. 3 by using Wannier9031.
Since the DFT calculation underestimates the band gap
in semiconductors,32–34 we use the charge density as a
parameter instead of the Fermi energy. The charge den-
sity can be controlled by using gates in experiments.35
Each band splits into two due to the large spin-orbit
coupling because of inversion symmetry-breaking in the
crystal structure. The effect of spin-orbit coupling is in-
cluded as spin-dependent hopping integrals in the tight-
binding Hamiltonian. The spin-orbit coupling acts as a
k-dependent Zeeman field in the z axis due to mirror
reflection symmetry. Thus, electronic states split into
two spin states, where the spin polarization direction is
parallel to the z axis. The tight-binding model repro-
duces the first-principles bands as shown in Fig. 3. Here,
the dashed lines are bands calculated by using the tight-
binding model.
B. Bogoliubov-de Gennes Hamiltonian
Electronic states in the junction are described by a
tight-binding model consisting of that of pristine MoSe2
and NbSe2 monolayers, where we consider two types of
junctions with the zig-zag interface and the armchair in-
terface as shown in Fig. 4 (a) and (c). The hopping
matrix through the interface is assumed to be that for
MoSe2 because the difference of computed hopping ma-
trix is smaller than 5 meV between MoSe2 and NbSe2. In
this paper, we consider non-zero charge density induced
by a homogeneous gate. The Fermi energy aligns to that
of the pristine monolayers with the distance far from the
interface where it is calculated from
n =
∫
d2k
(2pi)2
∑
α
θ(EF − Eα,k), (26)
where Eα,k is the energy dispersion of band α in Fig. 3.
The bands in both of the monolayers are aligned for the
Fermi energy to be matched. In general, the potential
fluctuation emerges near the interface of two monolayers
and can be a contact resistance but we omit the effect for
simplicity. We also assume the atomically commensurate
interface24,36 because a previous study show that a flat
and commensurate heterojunction has a local minimum
of free-energy even in the presence of mismatch in the
lattice constant.37 This allows us to use one-dimensional
tight-binding Hamiltonian with a wave number parallel
to the interface under the periodic boundary condition.
We represent the wave number by ky = 2pim/L with an
integer m, where L is the perimeter along the y axis.
The tight-binding Hamiltonian for each ky is obtained
by using Fourier transformation in the y axis,
H
(0)
ky
=
∑
j,δ
{
cˆ†ky,jh
(0)
ky,j
cˆky,j
+
(
cˆ†ky,j+δt
(0)
ky,j
cˆky,j + h.c.
)}
, (27)
7where the on-site potential h(0) and the hopping matrix
t(0) are 48 × 48 matrix, and cˆky ,j = (cˆ↑,ky,j , cˆ↓,ky,j) is a
vector of the annihilation operators with ky on the site
j where the basis is defined by all the forty eight or-
bitals including the spin degree of freedom in the unit
cell as shown in Fig. 1. Here, we adopt the hopping inte-
grals computed from the first-principles bands of MoSe2
(NbSe2) as the on-site potential and the hopping matrix
for j ≤ 0 (0 < j).
We consider the superconducting states in NbSe2 by
using Bogoliubov-de Gennes (BdG) theory. In this for-
malism, quasi-particle states are described by the BdG
Hamiltonian. The on-site potential hky,j and hopping
matrix tky,j are defined on the basis of electron and hole
states in the same manner as Eq. (10),
hky,nx =
(
h
(0)
ky,nx
− εF ∆I
∆I (isy)(εF − h(0)−ky,nx)∗(−isy)
)
,
tky,nx =
(
t
(0)
ky,nx
0
0 (isy)(−t(0)−ky,nx)∗(−isy)
)
,
(28)
where ∆ is the superconducting gap, I is the identity
matrix in the basis of cˆky,nx , and sy is the Pauli ma-
trix for the y spin. Here, the basis is the Nambu basis
bˆ = (cˆ↑, cˆ↓, cˆ
†
↓,−cˆ†↑) where the spin axis is chosen to be
parallel to the z axis. The superconducting gap ∆ can be
estimated by ∆ = (pi/eγ)Tc ≃ 3.5Tc/2 with the transi-
tion temperature Tc and Euler’s constant γ according to
Bardeen Cooper Schrieffer theory. The transition tem-
perature is obtained as Tc = 3.0 K for monolayer NbSe2
experimentally.6,8 In a bilayer NbSe2, the transition tem-
perature changes with the gate voltage38 but we omit a
change of transition temperature by gating in this calcu-
lation. Since the superconducting gap is absent in MoSe2
region, we set ∆ = 0 for j ≤ 0.
In the representation, incident electrons are reflected
at the interface of the junction as far as the electron has
an energy in the superconducting gap of NbSe2 mono-
layer. We briefly recall the discussion about the re-
flection process in the superconductor-metal junction in
Sec. II. There are two types of reflection processes clas-
sified by the charge of reflected particle. The normal
reflection means that the incident electron (hole) is re-
flected and goes back as an electron (hole). The other
is called Andreev reflection where the incident electron
(hole) changes into a hole (electron) coming back.39 The
Andreev reflection process is understood as that an inci-
dent electron transmits in the superconductor by form-
ing a Cooper pair, the pair of electron bounded by an
attractive force, with another electron which leaves a
hole near the interface. Thus, the charge transport prop-
erty in the metal-superconductor junction is associated
with the Andreev reflection. The differential conductance
gsn ≡ dI/dV , which is defined by using the electric cur-
rent I and the source-drain bias voltage V , is given by
dI
dV
=
2e2
h
∑
l
(1 − |reel |2 + |rhel |2) (29)
where reel and r
eh
l are the reflection coefficients for the
normal reflection process and the Andreev reflection pro-
cess of electrons in the conduction channel l.39,40
We study the electronic transmission between the
MoSe2 and NbSe2 monolayers by using the two-terminal
lattice Green’s function method. The heterojunction can
be separated into two lead-regions and an interface re-
gion. In the leads, the electronic states can be repre-
sented by bˆky,m = bˆky,0e
imλ, where m indicates the posi-
tion. The phase factor λ and the state vector bˆky,0 at an
energy E are described by
λ
(
bˆky,0
bˆky,−1
)
=
(
t−1ky,n(hky,n − E) −t−1ky,nt
†
ky,n
1 0
)(
bˆky,0
bˆky,−1
)
.
(30)
In the semiconductor, the eigenstates can be separated
into those for electrons, bˆe = (cˆ↑, cˆ↓, 0, 0), and holes,
bˆh = (0, 0, cˆ†↓,−cˆ†↑), because of ∆ = 0. The reflection
coefficients are computed from the lattice Green’s func-
tion method41–44 in the multi-orbital tight-binding model
in Eq. (28) for incident electron states. The Andreev and
normal reflection coefficients are distinguished by the am-
plitude of reflected waves, bˆh and bˆe, respectively.
C. Numerical results
We show the differential conductance as a function of
source-drain bias voltages V in Fig. 4. The vertical and
horizontal axes indicate the normalized differential con-
ductance gsn/g0 by the conductance g0 in the normal
phase of NbSe2 and the source-drain voltage eV , respec-
tively. Here, the bias voltage is normalized by the gap
energy ∆, and eV/∆ = 1 implies that incident electrons
have the energy matched to the edge of quasi-particle
band. In the electron-doped hetelojunction n < 0, the
normalized differential conductance is suppressed and not
sensitive to the charge density and the structure of inter-
face, the armchair structure in (b) and the zig-zag struc-
ture in (e). The differential conductance for 0 < n, on
the other hand, strongly depends on the charge density,
and it exceeds the normal conductance g0 with increase in
n. This result indicates that the Andreev reflection is en-
hanced with increase in n. The interface structure of het-
erojunction also quantitatively changes the differential
conductance as shown in (c) and (f), and the armchair in-
terface enhances it for hole-doped heterojunctions, 0 < n.
We also plot the n dependence of the differential con-
ductance in the superconducting phase and the normal
conductance in the normal phase at eV = 0 in Fig. 5.
In the case of n < 0, the normal conductance is always
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FIG. 5. The charge density-dependence of the differential
conductance and the normal conductance in the supercon-
ducting phase and the normal phase, respectively.
larger than the differential conductance for both of the
interface structures.
We also show the log-log scale plot of the n dependence
for the hole-doped heterojunction in Fig. 6. The numer-
ical data align on a line in the form of nα in both cases
of gsn and g0. The gradient of lines is corresponding to
the power index α. Although the index changes with the
interface structure, the difference of the index between
gsn and g0 is a half regardless of the interface. This dif-
ference causes the crossover from gsn < g0 to gsn > g0
with an increase of n in Fig. 5.
The analytic formula in Sec. II also provides the differ-
ence consistent with the numerical result. The Andreev
reflection probability |rhe|2 and the transmission proba-
bility |tee|2 are represented by functions of kF which is
proportional to
√
n because of the quadratic dispersion
and the constant density of state. Since |ree|2+|rhe|2 = 1
is fulfilled eV inside the superconducting gap, the power
index of gsn with respect to n is that of |rhe|2 plus a
half. Here the half is attributed to the integration with
respect to ky for calculating gsn from |rhe|2 at each ky.
The transmission probability has the power index of |tee|2
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FIG. 6. The log-log scale plot of gsn and g0 with respect to
the charge density in 0 < n. The solid lines are fitted to the
numerical data (symbols) in the form of nα. In the two cases,
the difference of power indexes between gsn and g0 is a half.
plus a half. Therefore, it is confirmed that the difference
of power indexes is a half by using the analytic results in
Eq. (20) and (25) in Sec. II.
IV. DISCUSSION
Finally, we consider the mismatch of power index be-
tween the numerical and analytic results. It is attributed
to the simplification of band structure of NbSe2 in the
analytic formulation. The Fermi pocket in TMDCs is
not isotropic around the K, K′, and Γ points and warp-
ing due to three-fold rotation symmetry of the crystal
structure. The trigonal warping could change the wave
vector dependence of Andreev reflection and transmis-
sion coefficients. Moreover, the heterostructure with the
Armchair interface allows the electronic transmission be-
tween the K or K′ valley in MoSe2 and the Γ valley in
NbSe2 as discussed in our previous paper.
22 This also
can fluctuates the power index of gsn and g0. However,
the difference of power index can remain robust even if
9the two types of interface are coexisting in the realistic
heterojucntion. Therefore, this crossover can be an ex-
perimental proof of the pseudo-spin triplet Cooper pair
in the superconducting NbSe2 monolayer.
V. CONCLUSION
In this paper, we have analyzed the pseudo-spin tex-
ture of electrons forming spin singlet Cooper pairs in su-
perconducting TMDC monolayers and shown that the
parallel pseudo-spin pair is realized in the supercon-
ducting monolayer. The pseudo-spin polarizing direc-
tion varies with the direction and magnitude of the wave
number. Forming a heterojunction of superconducting
and metallic monolayers, the pseudo-spin direction af-
fects the electronic transmission and reflection probabil-
ity. The Andreev reflection, the electronic transmission
with transforming a Cooper pair, vanishes in the limit of
Fermi energy crossing the valence band edge. We numer-
ically calculated the conductance in the normal phase
and the superconducting phase at each charge density.
We found that the conductance decreases with changing
the phase from the normal one to the superconducting
one in the low charge density region but it increases in
the high charge density region. This charge density de-
pendence is attributed to the difference of pseudo-spin
polarizing axis in the two TMDC monolayers, and it can
be a proof of parallel pseudo-spin Cooper pair.
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